The yeast nucleosome assembly protein 1 (yNAP1) participates in many diverse activities, such as the assembly of newly synthesized DNA into chromatin, and the rearrangement of nucleosomes during transcriptional activation. yNAP1 does not require ATP hydrolysis to perform these functions, and is a valuable tool for in vitro chromatin assembly. Using recombinant histone complexes, we show that yNAP1 has a preference for binding the (H3-H4) 2 tetramer over the (H2A-H2B) dimer. We find that the loss of the histone tails abrogates this preference for H3 and H4, and demonstrate a direct interaction between yNAP1 and the N-terminal tails of H3 and H4. yNAP1 binds to one histone-fold domain, thus specifying the stoichiometry of the complexes formed with the histone dimer and tetramer. Finally, we provide evidence that the acidic carboxyl terminal region of yNAP1, while dispensable for nucleosome assembly in vitro, contributes to binding via structure-independent electrostatic interactions. Our results are consistent with recent mechanistic investigations of NAP1, and expand our understanding of the histone-chaperone family of assembly factors.
INTRODUCTION
The organization of DNA with an equal mass of proteins to form highly organized chromatin is a hallmark of all eukaryotes. It is at this level that the majority of the processes involving the DNA substrate (such as replication, transcription, repair, and recombination) are enacted. The fundamental repeating unit of chromatin is the nucleosome, which consists of 147 base pairs of DNA wrapped in 1.65 supercoiled turns around a core of eight histone proteins, the histone octamer (1) . The histone octamer is composed of two copies each of the four histone proteins; H2A, H2B, H3, and H4. At physiological salt concentrations, histones exist either as (H2A-H2B) dimers or (H3-H4) 2 tetramers (2) . The latter can be described as a dimer of dimers. Histones dimerize via the structurally conserved histone-fold motif that is common to all four histones to form the histone fold dimer (3, 4) . A single tetramer binds the central 60 bp of DNA within a nucleosome, while two (H2A-H2B) dimers each organize 30 bp of DNA on either side of the tetramer, with the dimers making contacts with opposing faces of the central tetramer.
DNA binding is mainly afforded by the structured regions of the histones (histone fold and extensions (5) ). The N-terminal basic tails of each histone protein are largely unstructured in solution as determined by NMR spectroscopy (6) , and are too disordered to be observed in electron density maps from crystals of the histone octamer and the nucleosome (1, (7) (8) (9) . The tails do not appear to contribute to the stability of the nucleosome (10-13), though they appear to be important for the folding of chromatin fibers in vitro (14, 15) . The regulation of their involvement in transcription via phosphorylated by cellular kinases in a cell-cycle dependent manner (40), and to be associated with components of the cell-cycle regulatory machinery (41,42). Thus, NAP1
likely plays a role in the onset and regulation of mitotic events.
An unusually high content of acidic amino acids is characteristic of histone chaperones (25) . yNAP1 has four highly acidic regions distributed throughout its entire length. The most prominent acidic domain is located near the C-terminus (aa 366-403), where 28 out of 38 amino acids are either aspartic or glutamic acid residues. Surprisingly, this region, as well as a portion of the N-terminus, is dispensable for chromatin assembly (43). The basic histone N-terminal tails are considered to be likely targets for NAP1 binding, possibly through an interaction with one or more of the acidic domains within the NAP1 protein. Consistent with this idea, a previous study reported that yNAP1 interacts exclusively with the N-terminal tails of the histone octamer, and that the tails are required for yNAP1-mediated chromatin assembly (33). However, this same study showed that yNAP1 fails to bind mono-or poly-nucleosomes, despite the fact that the histone tails are likely to be accessible for such interactions in this structural context (4) . More recently, it was shown that in vitro chromatin assembly using the structurally and functionally homologous Drosophila NAP1(30) occurs in the absence of the histone tails (44,45). Thus, the exact role of the N-terminal histone tails in chromatin assembly by NAP1 remains to be elucidated.
Here we investigate the preference and relative affinity of yNAP1 for recombinant histones, and dissect the contribution of the histone fold and histone tails toward this interaction. In contrast to previous findings (32,33), we show that yNAP1 has a preference for the (H3-H4) 2 tetramer over the (H2A-H2B) dimer. This preference is 6 dependent on the N-terminal tails of H3 and/or H4. We find that yNAP1 binds directly to the tails of both H3 and H4, but we do not observe yNAP1 binding to the N-terminal tails of H2A or H2B, despite similarities in residue content. In the absence of the N-terminal tails, yNAP1 binds the two core histone sub-complexes with nearly equal affinity. The stoichiometry of yNAP1 -histone sub-complex interactions is a consequence of each yNAP1 molecule binding a single histone molecule. Finally, we extend previous observations (43) and examine a series of yNAP1 truncations by circular dicroism (CD), topological assembly assays, and direct binding assays. We conclude that the chromatin assembly activity of NAP1 resides solely in the central core of the protein, which also is responsible for histone-fold-specific binding. The acidic C-terminus of yNAP1, while dispensable for chromatin assembly, contributes to binding via structureindependent, electrostatic interactions.
EXPERIMENTAL PROCEDURES
Expression and purification of recombinant proteins. Full-length yNAP1 was expressed and purified from the pTN2 expression vector (kind gift from Dr. Kikuchi) as described (43), with the following changes. The dialyzed fraction from the 35-65% ammonium sulfate cut was centrifuged, and the supernatant applied to a 10 ml QSepharose FF anion-exchange column (Amersham Biosciences). The column was then washed and eluted with a linear NaCl gradient in buffer A (20 mM Tris pH 7.6 [4 C], 0.5 mM EDTA, 10% glycerol, 1 mM DTT, 0.1 mM PMSF). Fractions were assayed for yNAP1 by SDS-PAGE, and peak fractions were pooled. The peak was diluted with buffer A to a final NaCl concentration of 150 mM, and applied to a 1 ml Mono-Q anionexchange column (Amersham Biosciences). yNAP1 was eluted with 500 mM NaCl.
Peak fractions were dialyzed into buffer A with 150 mM NaCl, and stored in aliquots at -80 C. All amino acid coordinates are reported using the sequence specified by accession number J05759.
GST-yNAP1 deletion mutants were generated by PCR amplification from the pTN2 plasmid, with PCR primers encoding BamH I and Sma I restriction sites. His 6 -tagged proteins were generated by PCR amplification of the pTN2 plasmid with primers encoding Nde1 and BamH1 restriction sites. Restriction enzyme digested and purified 8 expressed and purified over Ni 2+ NTA resin and further purified by Mono-Q chromatography. Peak fractions were dialyzed against buffer A (150 mM NaCl) and stored in aliquots at -80 C. Insoluble His 6 -74-293 and His 6 -74-353 were extracted from inclusion bodies by solubilization of lysed, centrifuged cell pellets in 8M urea. The solution was centrifuged, and the supernatant applied to Ni 2+ NTA as described above.
Full-length yNAP1, when subject to a similar denaturation/renaturation, recovers full chromatin assembly activity (43), as does His 6 -74-365.
GST-fusion proteins for the S. cerevisiae N-terminal tails (46) were expressed and purified by standard methods (see above). These expression plasmids encoded H2A (aa 1-35), H2B (aa 1-35), H3 (aa 1-46), and H4 (aa 1-34). Recombinant yeast and
Xenopus laevis histones (full length and truncated versions) were purified and refolded to (H2A-H2B) dimer and (H3-H4) 2 
tetramer as described (47-49). Native yeast and
Drosophila core histones were purified as described (50,51). The amino acid coordinates of the N-terminally deleted histone cores have been previously described (52). Histones were stored in 1M NaCl, 50% glycerol at -20 C. Native Drosophila histone H1 was purified as previously described (53) .
GST pull-down assays. Coomassie stained GST pull-down assays were performed by incubating 100 pmoles of GST or GST-fusion proteins with 20 µl Chromatin assembly. In vitro assembly reactions were performed at yNAP1 to core histone mass ratios of 4:1, as described (36), and assembled DNA was separated on 1.2% agarose gels and stained with SYBR-Gold (Molecular Probes). Circular dichroism: CD spectra were collected on a Jasco 720 spectrometer at 5 C. 20 spectra were obtained and averaged for each polypeptide in 20 mM NaH 2 PO 4 pH 7.0, 50 mM NaCl. The molar ellipticity [ ] was obtained by normalization of the measured ellipticity (in mdeg) , using [ ] = *100 / (n*l*c), where n is the number of residues, c is the total concentration in mM and l is the cell pathlength in cm. Percent helix is estimated as described previously (54) .
RESULTS
yNAP1 preferentially binds the (H3/H4) 2 tetramer over the (H2A/H2B) dimer.
Recombinant histones of both yeast and Xenopus origin were refolded to (H2A-H2B) dimers, (H3-H4) 2 tetramers, and octamers [consisting of two (H2A-H2B) dimers and one (H3-H4) 2 tetramer]. The formation of correct histone complexes was verified by gel filtration (49), and the purified histone complexes were assayed for yNAP1 binding using a GST pull-down assay (Fig. 1A) . While yNAP1 showed robust and nearly equivalent binding to (H2A-H2B) dimers and (H3-H4) 2 To investigate whether assembly-specific posttranslational modifications affect the relative affinity of yNAP-1 for different histone pairs, we directly compared yNAP1
binding to recombinant and native Drosophila core histone octamers in the GST pulldown assay (Fig. 1B) . A clear preference for the (H3-H4) 2 tetramer over the (H2A-H2B) dimer was observed for both preparations, although it is not quite as pronounced as that 
kDa by gel filtration, data not shown). This ratio is also
apparent from visual analysis of gel filtration peak fractions by SDS PAGE (Fig. 1D ). In contrast, the yNAP1 -(H3-H4) 2 tetramer complex eluted near the void volume for this column (>1 MDa). SDS-PAGE evaluation of peak fractions indicated a mass ratio that is inconsistent with a large excess of (H3-H4) 2 (Fig. 1D ). The observed elution volume for the yNAP1/tetramer complex thus suggests a substantial change in either the shape or aggregation state of yNAP1. Gel filtration of yNAP1 with the recombinant histone octamer also resulted in a significant change in the elution profile when compared to yNAP1 alone, again eluting near the void volume (data not shown). When fractions were evaluated by SDS-PAGE, preferential binding of (H3-H4) 2 to yNAP1 was again observed (Fig. 1D , inset).
yNAP1 forms distinct complexes with (H2A-H2B) and (H3-H4) 2 .
We next determined the stoichiometry of the yNAP1 histone complexes. An electrophoretic mobility shift assay (EMSA) was developed to directly visualize and quantitate yNAP1 / histone complexes (Fig. 2) . Increasing concentrations of histone pairs, in the presence of a constant amount of yNAP1, resulted in distinct bands. As the ratio of (H3-H4) 2 tetramer to yNAP1 monomer approached ~0.25:1.0 ( Fig ratio of histone to yNAP1. We performed a linear extrapolation of the data to the xintercept, which indicated the molar ratio of histone to yNAP1 where the fraction of free yNAP1 is zero (Fig 2E, 2F ). The value obtained for (H2A-H2B) (0.56, +/-0.09, N=4), indicating that yNAP1 binds ~0.5 molar equivalents of the (H2A-H2B) dimer. Similarly, the value for (H3-H4) 2 (0.29, +/-0.04, N=3) indicates that yNAP1 binds ~0.25 molar equivalents of the (H3-H4) 2 tetramer. Since yNAP1 itself is likely to be a dimer, we conclude that one yNAP1 dimer binds one histone dimer, whereas two NAP1 dimers can bind a histone tetramer. This data suggests that one yNAP1 molecule binds to each histone present in the respective histone complexes.
The N-terminal histone tails are not required for binding to yNAP1, but provide selectivity for the (H3-H4) 2 tetramer.
Previous approaches revealed little or no binding to histones in which the flexible N-terminal tails have been removed by treatment with trypsin (33). We directly examined the interaction of yNAP1 with tailless core histones using yNAP1 GST pulldown assays. Figure 3A shows that yNAP1 binds 'tailless' histone dimers and tetramers with approximately equal apparent affinity (compare lanes 2 and 6). Thus, the preference of yNAP1 for the (H3/H4) 2 tetramer might be due to additional interactions between yNAP1 and the N-terminal tails of either histone H3 or H4. To test this hypothesis, GST-fusion proteins with the N-terminal tails of S. cerevisiae core histones were tested for their ability to bind yNAP1 in a GST pull-down assay. Figure   3B shows that no yNAP1 binding was detected to the N-terminal tail of either histone H2A or H2B (lanes 3-6). In contrast, robust yNAP1 binding to the N-terminal tails of histone H3 (lanes 7, 8) , and modest binding to the tail of H4 (lanes 9, 10), was observed.
Distinct domains of yNAP1 are required for histone binding and chromatin
assembly.
An earlier study utilized convenient restriction sites within the coding region to generate deletion mutants of yNAP1 (43). To investigate its domain structure, yNAP1
was subjected to limited trypsin proteolysis. This revealed two stable products with apparent molecular weights of 33 and 24 kDa (Fig. 4A ). Subsequent mass spectrometry and N-terminal sequencing of the digestion products revealed that the larger peptide consisted of amino acid residues 74-293 (calculated molecular weight 25,099 kDa), while the smaller peptide comprised residues 302-417 (molecular weight 13,212 kDa). The C-terminal fragment contains a majority of acidic residues, accounting for its anomalously slow migration on SDS PAGE. Attempts to separate and purify the two cleavage products by conventional ion exchange, hydrophobic, and gel filtration chromatography failed (data not shown). Only denaturing, reverse phase HPLC resolved the two peptides. We therefore conclude that the cleavage site is located in a flexible surface loop of a single-domain protein encompassing amino acids 74 -417.
Based on these results and on sequence comparisons, we generated a series of deletion mutants of yNAP1. Figure 4B shows these constructs schematically, including relevant features. The secondary structure content of all deletion mutants was analyzed by circular dichroism. The CD spectrum of full-length yNAP1 ( All yNAP1 deletion mutants were tested for their ability to assemble nucleosomes onto plasmid DNA. Topological assays indicated that only amino acids 74-365 are required for robust chromatin assembly (Fig. 4D) . Loss of the largest acidic region of yNAP1 (amino acids 365-417) had little effect on chromatin assembly, consistent with a previous report (43). As inferred from the essential role of amino acids 354-365 in maintaining structural integrity, the loss of these amino acids (fragment 74-353) resulted in significant loss of chromatin assembly activity (Fig. 4D) . Similarly, a construct representing the larger of the trypsin proteolysis fragments (aa 74-293) failed to assemble chromatin. The trace amounts of supercoiled DNA observed for yNAP1 aa 74-293 and aa 74-353 are similar to that observed in the absence of yNAP1. As expected, the construct representing the smaller of the proteolysis fragments (aa 302-417) also failed to assemble chromatin (data not shown). Results from CD and nucleosome assembly assays for each yNAP1 fragment are summarized in Table 1 .
The unstructured, acidic C-terminus of yNAP1 binds basic proteins in a nonspecific manner.
Irrespective of chromatin assembly activity, all of the constructs tested above retained the ability to bind both types of histone sub-complexes, as tested with GSTpulldown assays (Fig. 5A) . Interestingly, the most C-terminal construct (yNAP1 aa 302-417), though lacking secondary structure and chromatin assembly activity, bound histone dimers and tetramers as strongly as full-length yNAP1 (Fig. 5A , compare lanes 3 and 6, and lanes 10 and 13). Figure 5B demonstrates that all the deletion constructs tested were also capable of binding both the full-length and tailless histones (Table 1) .
Interestingly, with the exception of GST-302-417 (lanes 11 and 12), all of these constructs showed a clear preference for H3 and H4 if incubated with full-length histones, and this preference disappeared upon incubation with tailless histones. GST-302-417 retained nearly equivalent ratios of dimer and tetramer, independent of the histone tails (Fig. 5B, compare lanes 11 and 12) . Because of the highly acidic and unstructured nature of this C-terminal yNAP1 construct, it is likely that the binding results from an electrostatic, structure-independent interaction with the basic histone proteins.
We sought to determine which regions of yNAP1 were responsible for preferential binding to the H3 and H4 N-terminal tails, and thus for conferring selectivity for the (H3-H4) 2 tetramer. We tested yNAP1 constructs which either contain or lack the acidic C-terminus for their ability to bind GST fusions with H3 and H4 N-terminal tails. Figure 5C shows that yNAP1 74-417, which functions in chromatin assembly and histone binding assays similarly to full-length yNAP1, interacts strongly with both the Nterminal tails of H3 and H4 (Fig. 5C, lanes 3, 4) . This binding is comparable to the tail binding of full-length yNAP1 (see Fig. 3B, lanes 7-10) . Carboxyl-terminal deletion of amino acids 366-417 (yNAP1 74-365) resulted in significant loss of histone H3 binding, and completely abrogated H4 tail binding (Fig. 5C, lanes 7, 8) .
To investigate whether any of these interactions were based simply on electrostatic attractions, we compared the abilities of full-length and truncated yNAP1 to interact with purified native Drosophila histone H1 in a GST pull-down assay (Fig. 5D , Table 1 ). Histone H1 is highly basic, but does not contain the histone fold, and there is no sequence homology with the core histones. Full-length GST-yNAP1 bound well to 
DISCUSSION
Here, we demonstrate through direct binding and competition assays that yNAP1
preferentially binds the (H3-H4) 2 tetramer over the (H2A-H2B) dimer. We establish the stoichiometry of binding by gel shift assay, and determined that one yNAP1 dimer binds one histone-fold dimer. The preference for (H3-H4) 2 is conferred by the N-terminal tails of H3 and H4, which interact directly with yNAP1. No binding of yNAP1 to the N-terminal tails of H2A and H2B is observed. We further demonstrate that the acidic C-terminal region of yNAP1 participates in binding via electrostatic interactions in a structureindependent manner, and that at least in vitro, this region also binds other basic proteins.
The observation that yNAP1 prefers recombinant (H3-H4) 2 over (H2A-H2B) contradicts previous studies showing preferential binding of 'native' H2A and H2B
(32,33). We showed that the preference towards the (H3-H4) 2 tetramer occurs with both recombinant and native histones, and thus is unlikely to be a consequence of posttranslational modifications that are only found in native histones. Discrepancies with earlier studies may stem from differences in the assays used to demonstrate binding, and in the folding and aggregation state of the histones. Here, we studied the binding of refolded and highly defined histone (H2A-H2B) dimers and (H3-H4) 2 tetramers to yNAP1 using gel filtration, native gel electrophoresis, and direct binding assays. To our knowledge, these complexes are structurally equivalent to the in vivo substrate. In contrast, the two previous studies either used far-western analysis to detect NAP1 binding to individual denatured core histones that have been separated by SDS-PAGE and blotted to a membrane (33), or utilized a modified ELISA to determine the binding preference of the human homolog AP-1 (32). The first assay might not properly reflect binding to a structural motif such as the histone fold. Thus, the observed differences may well be a result of the integrity of the histone substrate used.
Perhaps yNAP1 only displays its preference for the (H3-H4) 2 tetramer when presented with homogeneous, folded histone-pairs. Regarding the experiments described in (32), the modified ELISA relied on antibody recognition of fixed, immobilized AP-1 / histone complexes, which may have sterically hindered the AP-1 epitope, particularly with the larger (H3-H4) 2 complex. In addition, though the NAP1 homologs share considerable amino acid similarities, some differences, including a long N-terminal acidic region in the case of human AP-1, do exist.
In vivo, only histones H2A and H2B have been isolated in complex with NAP1
(30,31,55). In light of our demonstration that in vitro yNAP1 preferentially binds (H3-H4) 2 , a mechanism must exist in the living cell to preclude the binding of histones H3
and H4 to NAP1. The binding sites on (H3-H4) 2 necessary for the NAP1 interaction may be occluded by other factor, for example CAF1 (21) and/or RCAF (24) . However, independent of its exact in vivo function, the importance of NAP1 as an in vitro chromatin assembly tool warrants a more thorough understanding of its in vitro attributes, as described in this study.
We establish a binding stoichiometry of 0.5 molar equivalents of (H2A-H2B) dimer, and 0.25 molar equivalents of (H3-H4) 2 tetramer per mole of yNAP1. Due to the internal symmetry of the histone fold, each (H2A-H2B) dimer exposes two structurally similar histone-fold faces on the surface, whereas the tetramer exposes four histonefold faces. In addition, the histone fold dimers of (H2A-H2B) and (H3-H4) are superimposable with an rmsd of ~ 2 Å, (Fig. 7) (3,25) . We thus conclude that each yNAP1 monomer is capable of binding one histone fold motif within the context of a histone fold dimer. Attempts to determine binding constants were limited by the sensitivity of Coomassie staining, which mandated the use of NAP1 amounts well above the likely dissociation constant (Kd) for these complexes. Both fluorescent and radioisotopically labeled yNAP1 showed aberrant native gel mobility and, in most cases, affected histone binding. This precluded rigorous binding constant determinations.
In direct competition assays, yNAP1 shows a marked preference for the tetramer over the dimer, which appears to be a consequence of the preferential binding of yNAP1 to the N-terminal tails of H3 (and, to an extent, H4) over those of H2A and H2B.
Thus, we propose that the histone fold domains as well as the N-terminal tails of the histones contribute to binding, and that the relative affinities of the two histone The acidic C-terminus of yNAP1 has been shown to be dispensable for chromatin assembly (Fig. 4D, and (43) ). How might this domain function in nucleosome assembly in vitro? We propose that this region acts through an electrostatic mechanism to enhance the histone binding activity of yNAP1. As our chromatin assembly reactions contain significant amounts of yNAP1, and were allowed to proceed for 16 hours, the requirement for this 'ancillary' function of the acidic C-terminus may be negated. It is possible that a comparative, kinetic analysis of yNAP1 and select deletion mutants could test the plausibility of this hypothesis.
What is the implication of our results for nucleosome assembly? The fact that the (H3-H4) 2 tetramer organizes the central turn of the DNA supercoil (1,9) mandates its deposition onto the DNA prior to the deposition of the two dimers. The (H3-H4) 2 tetramer acquires a unique set of lysine acetylations, and is then deposited onto the DNA by CAF1, RCAF, N1/N2, or other factors (23, 31, 59 2 tetramer and (H2A-H2B). Ito and collaborators conclude that the ordered deposition of (H3-H4) 2 and then (H2A-H2B) requires a distinct set of preferential affinities, most importantly that the affinity of (H2A-H2B) for NAP1 is greater than for free DNA. This work, however, did not address how ordered deposition occurs when other reports have concluded that NAP1 preferentially binds (H2A-H2B) over (H3-H4) 2 in vitro (29,31,32). Our results using direct competition assays demonstrating an (H3-H4) 2 preference clarify this discrepancy. We have also observed that (H2A-H2B) dimers can be exchanged from a folded nucleosome in a yNAP1 -dependent manner, but that under the same conditions the exchange of (H3-H4) 2 tetramer is virtually nonexistent (Y.J. Park and K.L., unpublished results). Taken together, it appears that it is both the difference in affinity between the dimer and tetramer for NAP1, as described here, as well as the higher affinity of the (H2A-H2B) dimer for the (H3-H4) 2 have been shown to exchange at a more rapid rate than the (H3-H4) 2 tetramer in vivo (62). yNAP1 has also been shown to be receptive to (H2A-H2B) which has been released from nucleosomes subsequent to remodeling and histone acetylation (36).
Finally, it was recently proposed that transcription by RNA polymerase II through nucleosomes result in the transient formation of a 'hexasome', a nucleosome from which one (H2A-H2B) dimer has been removed (63,64). The potential of NAP1 to participate in and facilitate all of these vital processes warrants further investigation.
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* The indicated His 6 -tagged yNAP1-truncated proteins were soluble only following urea denaturation / renaturation. The renatured protein was used in topological and tailbinding assays. The GST-tagged proteins were insoluble, and therefore could not be used in the GST pull-down assays (histone binding assays). 
